1.. Introduction {#sec1}
================

The pancreas, the salivary glands and the teeth all originate from the foregut and, as a consequence, they have great develop-mental, structural and functional similarities. Additionally, the pancreas, the salivary glands and perhaps surprisingly, the dental enamel-forming ameloblasts have similar functions producing a bicarbonate-rich product containing certain digestive enzymes besides other minor components. However, a major difference between them is that while pancreatic juice and saliva are delivered into the gut, ameloblasts produce locally precipitating hydroxy-apatite. Ion and protein secretion by the pancreas, the salivary glands, and maturation ameloblasts is a two-step process \[[@r1]-[@r4]\]. In the first step, pancreatic and salivary acinar cells secrete an isotonic, protein-rich fluid with NaCl being the major salt component. Subsequently, pancreatic and salivary ducts modify the secreted juice in a different manner. In the pancreas, ductal cells absorb Cl^-^ and secrete bicarbonate driving a large volume of water into the gut. Salivary ducts, however, are water impermeable under physiological conditions, so they cannot modify the volume of water produced by the acini. Instead, these ducts reabsorb the electrolytes from the primary acinar secretion that leads to highly hypotonic fluid reaching the oral cavity. In amelogenesis, the same maturation ameloblast cell cycles between two stages multiple times. Ruffle-ended ameloblasts are thought to secrete large quantities of calcium and phosphate ions, and contribute to luminal acidification to promote hydroxyapatite formation. Subsequently, the same cells convert to smooth-ended phenotype, and this is accompanied by the neutralization of the luminal space most probably by bicarbonate ion delivery. This alkalization then promotes the precipitation of calcium and phosphate forming hydroxyapatite crystals.

In the tissues of our interest, protein secretion is also quite different on the one hand, but also has great similarities on the other hand. Pancreatic acini produce and secrete a wide range of digestive enzymes, while the main salivary digestive product is parotid amylase, and other salivary acini secrete mucin \[[@r3]\]. Pancreatic and salivary ductal cells also secrete mucin, and antimicrobial proteins \[[@r1], [@r5]\]. Maturation ameloblasts secrete two important digestive enzymes, matrix metalloproteinase-20 and kallikrein-4, both of which have important functions in breaking down the previously secreted structural protein amelogenin, a process which is absolutely necessary for the full mineralization of enamel, filling up the space of removed proteins by hydroxyapatite crystals \[[@r6]\]. Disturbance of epithelial secretions in these organs can lead to serious diseases such as cystic fibrosis, chronic pancreatitis, autoimmune pancreatitis, Sjögren's syndrome, as well as enamel hypomineralization defects and amelogenesis imperfecta \[[@r7]-[@r13]\].

During embryonic development, the pancreas, the salivary glands and ameloblasts originate from the foregut, and share great formation similarities which may explain their intriguing resemblances \[[@r3], [@r14], [@r15]\]. These tissues start to develop during embryonic life through the proliferation of a group of epithelial cells into the underlying mesenchyme. Subsequently, in the pancreas and the salivary glands, a branching process will form grape-like arrangements of the secretory lobes while enamel surface formation depends on the type of the tooth. The tissues of our interest develop from different embryonic origins. Ameloblasts and the parotid are derived from the ectoderm, whereas the submandibular and sublingual glands and also the pancreas are endodermal. Their morphogenetic development is driven by overlapping cytokines, growth factors and extracellular matrix components. Ultimately, they all develop by a well-defined sequence of epithelial-mesenchymal interactions. The surrounding mesenchyme is absolutely required for tissue formation \[[@r3], [@r14], [@r15]\].

All the above-described similarities can underline the relevance for comparing of the pancreas, salivary glands and enamel producing ameloblasts. Furthermore, there is one common striking feature of these organs. They all have to defend against acid exposure by producing extremely large quantities of bicarbonate. The pancreas and the salivary glands discharge bicarbonate to neutralize acidity in the oral and intestinal lumen \[[@r1]\], while ameloblasts secrete it to buffer protons, liberated during hydroxyapatite formation \[[@r10], [@r16]-[@r21]\]. The failure of this function leads to deteriorating consequences in each case. Unlike studying pancreatic and salivary luminal spaces, it is not possible to directly investigate the luminal secretion of ameloblasts into the enamel space by standard physiological methods. However, ameloblasts must have similar molecular machinery for bicarbonate transport to the two other exocrine glands of interest.

The main purpose of the present review is to summarize defense mechanisms of the pancreas, the salivary glands and enamel-producing ameloblasts against acid exposure, and to compare their functional capabilities of doing this by producing bicarbonate in order to understand their similarities and differences.

2.. Beneficial defense properties of bicarbonate {#sec2}
================================================

The human body has numerous buffer systems which protect the intracellular and extracellular spaces from drastic pH changes due to acid or base exposure. The three major buffer systems acting against acids and therefore regulating pH in the blood and tissues are bicarbonate, phosphate and proteins. Because of its high total buffering capacity, and also because of its direct coupling to the respiratory system, bicarbonate seems to be the most important one amongst these \[[@r22]\]. Bicarbonate is a base, which is able to pick up a proton, forming water and CO~2~, a process that is highly facilitated by carbonic anhydrases. Bicarbonate does not move freely through cellular and intracellular membranes, but its transport across membranes strongly and immediately affects compartmental pH. The increase of bicarbonate concentration elevates the pH by alkalinization, while its decrease reduces the pH by achieving acidification \[[@r22]\].

Besides being a buffering electrolyte, bicarbonate bears additional properties that could also be important when considering its importance in epithelial secretory processes. Recent evidence suggests that bicarbonate is able to regulate intracellular cyclic AMP (cAMP) level by controlling soluble adenylate cyclase (sAC) activity inside epithelial cells \[[@r23]\]. cAMP is an intracellular second messenger, which regulates a number of cellular functions. Bicarbonate directly regulates sAC by relieving substrate inhibition and elevating the activity of sAC \[[@r24]\]. As sAC is regulated by bicarbonate, it may function as a cellular pH sensor, modulated by local bicarbonate concentration.

Another potentially important function of bicarbonate is the mucin molecule unwrapping \[[@r25], [@r26]\]. Mucin is stored in intracellular vesicles, having high calcium and proton concentrations. To remain well packed intravesicularly, an acidic environment and high level of intravesicular Ca^2+^ are necessary to shield its negative charges. When mucin is released from the vesicles during exocytosis, bicarbonate binds to Ca^2+^ and protons to form H~2~CO~3~ and Ca(HCO~3~)~2~. As a consequence, negative charges become unshielded and mucin molecules open up to become very well soluble and movable extracellularly \[[@r27]\], a process which could be critical for both pancreatic and salivary secretion. By analogy, during enamel formation, amelogenins are also well soluble in acidic conditions and might utilize similar mechanisms that maintain solubility intracellularly. When secreted into the luminal surface, they may develop hydrophobic properties that could be critical for organizing crystal growth in the secretory stage of amelogenesis \[[@r4]\].

The antimicrobial properties of bicarbonate have also been described in various epithelial surfaces where microbes are able to colonize in physiological or pathological conditions \[[@r28], [@r29]\]. This action could be due to bicarbonate, as its buffering effect may restore the activity of lysozyme, lactoferrin, and other antimicrobial peptides \[[@r29]\]. Additionally, a direct anti-biofilm activity has been postulated \[[@r30], [@r31]\]. Bicarbonate most probably works by inhibiting enzyme activities, which are required for quorum sensing, a bacterial communication form to build biofilm communities cooperatively \[[@r31]-[@r34]\]. The antimicrobial effects of bicarbonate may be added to its wide scale of physiological effects during pancreatic and salivary secretion delivered to the gut, but certainly not during enamel formation, since the latter process happens in a microbe-free environment, the enamel space.

3.. Molecular physiology methods to study the functional processes leading to acid neutralization -- examples demonstrated on HAT-7 cells {#sec3}
=========================================================================================================================================

Special cellular models are needed to continue functional studies on pH regulation in pancreatic and salivary cells and ameloblasts. To seek for the exact molecular mechanisms conducting epithelial ion transport processes, conventional *in vivo* physiological methods are not suitable. Cellular models may include freshly isolated cells, primary cultures and cell lines. There are two major disadvantages of freshly isolated cell and primary culture studies. These cells and structures sooner or later disintegrate, and thus the reproducibility of studies is often doubtful. The other problem is that it is difficult or impossible to organize them into polarized monolayers to investigate their vectorial transport processes. Therefore, cell lines, which are spontaneously immortalized, mutated or artificially modified to become immortal, such as cancer cell lines which retain the most important characteristics of the original phenotype, are most suitable for modelling. For the pancreas, such cellular models are readily available, and very extensive studies have been conducted using them in the past \[[@r2], [@r35], [@r36]\]. Although to a lesser extent, salivary cellular models are also available to model acinar and ductal transport processes \[[@r3], [@r37], [@r38]\], while practically no functional model has been available to investigate the molecular transport mechanisms in amelogenesis. Therefore, we have recently developed a novel ameloblast monolayer model \[[@r39], [@r40]\] using HAT-7, a spontaneously immortalized dental epithelial cell line, originating from the rat incisor cervical loop \[[@r41]\]. HAT-7 cells show ameloblast characteristics such as expression of enamel proteins ameloblastin and amelogenin \[[@r41]\] and maturation-stage ameloblast marker enzymes like kallikrein-4 \[[@r42]-[@r45]\]. We observed that HAT-7 cells are suitable for functional pH regulatory studies and vectorial ion transport assessments \[[@r39]\]. These cells form confluent, polarized monolayers or bilayers on permeable supports, and their time-dependent tight junction formation is paralleled with increased transepithelial electrical resistance. In fact, this is a required for vectorial electrolyte secretion, as these structures prevent uncontrolled transepithelial electrolyte movements permitting only selected ions between the cells \[[@r2], [@r46], [@r47]\]. Then we used similar experimental strategies as previously described in molecular physiological studies characterizing pancreatic and salivary bicarbonate and proton transport processes \[[@r3], [@r35], [@r36]\]. We applied microfluorometry to measure intracellular pH changes, after preloading the cells with the pH sensitive dye BCECF-AM \[[@r48]\]. Afterward, we followed pH changes within the cell, while changing the components of the superfusion media and using various ion channel/transporter inhibitors.

As examples, here we show the functional identification of four pH-related ion transport processes in polarized HAT-7 cells. Chloride ions has been available to be coupled to HCO~3~^−^ transport. No information has been available about Cl^-^ accumulation in ameloblasts, although the cells must take up Cl^-^ to secrete it apically. Na^+^/K^+^/Cl^−^ cotransporters (NKCC), electroneutral symporters transport Na^+^, K^+^ and Cl^−^ to the intracellular space doing secondary active transport by a Na^+^/K^+^-ATPase driven mechanism. NKCCs are assumed to be involved in amelogenesis without any functional evidence \[[@r49]\]. To prove this, we used bumetanide, an NKCC1 inhibitor. During NH~4~Cl exposure after the initial alkalization, NKCC1 is activated to remove NH~4~^+^ from the cell. When bumetanide was applied, this compensatory response was greatly diminished suggesting the presence of NKCC in functional HAT-7 cells \[[@r40]\] (Fig. **1A**). This property is quite similar to other secretory epithelia including the pancreatic HPAF and Capan-1 ductal cell line models \[[@r50], [@r51]\] and salivary acinar cells, where Cl^-^ transport is strongly dependent on NKCC1 activity at the basolateral side \[[@r47], [@r49]\]. We also observed anion exchanger activity in HAT-7 cells by Cl^-^ substitution experiments. Fig. **1B** shows that when the anion exchanger inhibitor 4,4\'-diisothiocyano-2,2\'-stilbenedisulfonic acid (DIDS) was used, the exchange activity led to intracellular alkalization as bicarbonate entering into the cell was substantially inhibited \[[@r40]\]. AE2 expression has been shown to be ubiquitous in most epithelial cells at the basolateral membrane \[[@r52]\]. This could be an important mechanism for intracellular Cl^-^ accumulation against electrochemical concentration difference \[[@r47], [@r53]\]. HAT-7 cells are similar to maturation ameloblasts both having AE2 expression at the basolateral side \[[@r54], [@r55]\].

In HAT-7 cells, after the acidification phase of NH~4~Cl exposure no recovery in pH~i~ was observed in the absence of extracellular Na^+^ (Fig. **1C**). Also, simultaneous inhibition of the basolateral Na^+^-dependent, amiloride-sensitive proton extruding activity together with the H~2~DIDS-sensitive basolateral Na^+^-HCO~3~^-^ cotransporter (NBC) greatly suppressed intracellular pH (pH~1~) changes \[[@r40]\] indicating the presence of both Na^+^/H^+^ exchanger (NHE) and NBC activities at this membrane \[[@r40]\]. This is in line with the presence of NHE activity at the basolateral side in most epithelia \[[@r56]\]. Also, the basolateral appearance of NBC activity in these cells is similar to that found in pancreatic and salivary secretory epithelia \[[@r57], [@r58]\]. To investigate whether HAT-7 cells achieve vectorial HCO~3~^-^ secretion, we used the pH-drop method **(**Fig. **1D**). In order to maintain electroneutrality in epithelial cells, HCO~3~^-^ uptake at the basolateral membrane is coupled to HCO~3~^-^ efflux at the luminal side and proton exit at the basolateral side \[[@r50], [@r51], [@r59], [@r60]\]. Therefore, during HCO~3~^-^ entry blockade by bicarbonate transport inhibitor and proton exit blockade by NHE inhibitor, the sustaining bicarbonate efflux at the apical side results in a fall in pH~i~. Thus, the initial fall of pH~i~ can be used to measure bicarbonate secretion at the apical membrane. Indeed, H~2~DIDS and amiloride inhibited most of the basolateral bicarbonate uptake *via* electrogenic NBC 1 (NBCe1) and NHE1 in HAT-7 cells, demonstrating the presence of transcellular bicarbonate transport in HAT-7 cells \[[@r39], [@r40]\]. Thus, such novel functional approaches suggest that there are great similarities in bicarbonate regulation in ameloblasts to that of pancreatic and salivary secretory processes.

4.. Pancreatic bicarbonate secretion to neutralize acids {#sec4}
========================================================

The pancreas has two main functions. The exocrine tissue is composed of acinar cells secreting digestive enzymes in a chloride-rich isotonic fluid, and of the ductal system that modifies the primary fluid and drains a bicarbonate-rich secretion to the intestine. The endocrine part is arranged in discrete islets of Langerhans, its distinct cell types secreting glucagon, insulin, somatostatin, ghrelin, and pancreatic polypeptide into the bloodstream. All of these cells with fundamentally different functions develop from the same epithelial progenitors in a process of well controlled epithelial-mesenchymal interactions, interplaying with the underlying mesenchyme \[[@r61]\].

The human exocrine pancreas produces approximately two liters of pancreatic juice in a day, an alkaline isotonic fluid containing high concentrations of bicarbonate, digestive enzymes and some other proteins. Acinar and ductal cells form the exocrine functional unit, meaning that these cell types work together. Digestive enzymes are produced by the acinar cells which also release protons during exocytosis causing significant luminal acidosis. Pancreatic ductal cells secrete an alkaline fluid that may contain up to 150 mM bicarbonate \[[@r2], [@r35], [@r36]\]. This product primarily serves the neutralization of acidic environment caused by the acid secretion of acini, then in the duodenum where gastric content is delivered. Importantly, under stimulated conditions, bicarbonate concentration in the pancreatic juice is 5-6 times higher than that in the blood \[[@r2], [@r35], [@r36]\].

Pancreatic ductal bicarbonate secretion can be separated into two interrelated steps (Fig. **2**). First, bicarbonate is loaded into the ductal cells at the basolateral membrane. This is achieved by a direct mechanism through NBCs. A parallel mechanism is the indirect, passive diffusion of CO~2~ into the cells through the basolateral membrane followed by its carbonic anhydrase catalyzed conversion. CO~2~ and H~2~O will form HCO~3~^-^ and H^+^ by this enzyme, and excess protons are removed from the cell by basolateral transport activity by NHEs and perhaps vacuolar H^+^-ATPase although the activity of the latter one is still under debate. The intracellular accumulation of bicarbonate then permits its secretion through apical membrane ion channels and transporters such as cystic fibrosis transmembrane conductance regulator (CFTR) and coupled SLC26 anion exchangers \[[@r35], [@r36]\]. When CFTR function is defective, such as in the human CFPAC-1 pancreatic cell line, cells could still transport bicarbonate at a much lower degree utilizing their calcium-activated chloride channels \[[@r62], [@r63]\]. It is still under debate how such a high HCO~3~^-^ concentration in the pancreatic juice is achieved. One possibility is that bicarbonate is secreted by the electroneutral Cl^-^/HCO~3~^-^ exchanger until apical concentration reaches 70 mM, then a further increase to 140 mM is produced by CFTR. Another possibility is that the electrogenic SLC26 anion exchangers mediate HCO~3~^-^ secretion at different sites of the ductal tree while CFTR serves to sequentially activate the exchangers and conducts Cl^-^ into the lumen that is necessary for anion exchange to occur \[[@r35], [@r36]\].

Bicarbonate secretion by the pancreas is regulated by multiple cellular signaling pathways, but most prominently by cytosolic cyclic adenosine monophosphate (cAMP) and Ca^2+^ signaling, amongst them the first one being dominant. CFTR is the most critical player in pancreatic ductal bicarbonate secretion, and its mutations cause serious loss of function, cystic fibrosis \[[@r64], [@r65]\]. It is activated by cAMP, which opens this channel for Cl^-^ and to a smaller extent for bicarbonate. Additionally its ATP-binding cassette motif utilizes the energy of ATP binding and hydrolysis to carry out various biological processes having multiple binding sites \[[@r64], [@r65]\]. The primary signaling system for bicarbonate secretion is the cAMP/protein kinase A pathway, but the intracellular Ca^2+^-mediated pathways also play a significant role here. The interaction and crosstalk between these pathways regulate the activity at multiple levels within ductal cells \[[@r66]\].

It is worth noting that CFTR can not only transport Cl^-^, but also bicarbonate, although it is about 4 times more selective for Cl^-^ over bicarbonate \[[@r65]\]. The Cl^-^/HCO~3~^-^ selectivity of CFTR is modulated by external Cl^-^. In case of physiological Cl^-^ concentrations in proximal pancreatic ductal lumen, CFTR functions as a Cl^-^ channel. However, when luminal Cl^-^ is low at the distal part of the ducts, CFTR secretes bicarbonate rather than Cl^-^ through the apical membrane \[[@r67], [@r68]\]. Additionally, CFTR regulates both the expression and the activities of apically located Cl^-^/HCO~3~^-^ exchangers and other transporters primarily *via* its protein-binding domain \[[@r63], [@r65], [@r69]-[@r71]\]. All these modulations will result in very high bicarbonate concentration in the juice reaching the intestine.

Exocrine pancreatic secretion is primarily driven by food intake. It can be divided into cephalic, gastric, and intestinal phases. The control by the latter is the most important, which is in contrast with salivary secretion, where direct neuronal regulation dominates. Resting secretion is only a small fraction of the stimulated volume. Food intake stimulates both pancreatic acinar and duct cells to secrete enzymes and fluid in a special neurohumoral action, mediated by a number of gut hormones and parasympathetic muscarinic cholinergic nerves. The main stimulants of acinar secretion are muscarinic activation by acetylcholine and cholecystokinin, the effect by the latter one is mediated, at least in part, by vago-vagal reflexes. Secretin and vasoactive intestinal peptide are the major stimulants of ductal activity. The fine tuning and modulation of these secretory functions is mediated by a number of additional bioactive compounds, such as the stimulatory bombesin and gastrin-releasing peptide and the inhibitory 5-hydroxytryptamine (serotonin), galanin, substance P and arginine vasopressin \[[@r51], [@r72]-[@r76]\]. Activation of apically located Ca^2+^-sensing receptors in the pancreas also stimulates bicarbonate and fluid secretion by intracellular Ca^2+^ concentration increase \[[@r77]\]. Multiple types of purinergic receptors have been identified in the pancreatic duct \[[@r78]\]. ATP seems to differentially affect secretory function depending on the side, stimulating apically and inhibiting at the basolateral membrane \[[@r51], [@r79], [@r80]\]. Obviously, all this pancreatic ductal bicarbonate secreting function serves two major purposes. First, to neutralize the acid produced by pancreatic acinar cells \[[@r35]\], second to neutralize the extreme quantity of gastric acid arriving into the small intestine \[[@r36]\].

5.. Salivary glands and their bicarbonate secretion {#sec5}
===================================================

The three pairs of major salivary glands are the submandibular, sublingual and parotid glands, secreting approximately 95% of salivary fluid. A large number of minor glands, located in the palatal, lingual, labial and buccal regions, produce the remaining few percent \[[@r81]\]. Salivary glands consist of three types of cells: acinar, ductal and myoepithelial cells. The parotid mainly contains serous acini secreting watery saliva. The sublingual glands consist of mucous cells, discharging thick saliva, while the submandibular glands contain only few mucous, but mainly serous acini producing mixed saliva. Acini formed by acinar cells secrete into the ductal system consisting of intercalated, striated and excretory ducts. Contractile myoepithelial cells, surrounding acinar and intercalated ductal cells, can contract during stimulation to support secretory function. The ducts are arranged as branching network, the large excretory ducts serve to lead saliva to the oral cavity \[[@r82], [@r83]\]. The function of this complex fluid is the dilution of food and drink arriving to the oral cavity, buffering the ingested acid, starting the digestion of carbohydrates, support mastication and oral clearance, and also to water the mouth during speech and exhalation \[[@r82], [@r83]\].

Saliva is about 98% water, and it contains both organic and inorganic (chloride, sodium, bicarbonate, potassium, phosphate and calcium) components \[[@r84]\]. Salivary ion and water secretion is a two step process. Acini secrete an isotonic fluid during the first stage. Then primary saliva becomes highly hypotonic as it passes through the ducts \[[@r82], [@r85]\]. Passive acinar water transport is driven by active anion transport through polarized acinar cells. Transcellular water movement occurs through aquaporin water channels and paracellular water passage through tight junctions \[[@r86]\], and results in isotonic primary secretion in the acinar lumen \[[@r87]-[@r89]\].

The main event during acinar ion secretion is transcellular Cl^-^ transport, which is partly coupled to bicarbonate transport (Fig. **3**). The Na^+^/K^+^ ATPase creates the driving force for this, providing high Na^+^ concentration difference, Na^+^ being very low intracellularly, and very high extracellularly \[[@r90], [@r91]\]. The Na^+^/K^+^/2Cl^-^ cotransporter (NKCC1) brings Na^+^, K^+^ and Cl^-^ into the cell \[[@r91], [@r92]\]. M3 muscarinic receptor activation releases Ca^2+^, an intracellular second messenger \[[@r1], [@r93]\]. Then Ca^2+^-activated chloride channel opening apically allows Cl^-^ and to a much lower level, bicarbonate to be secreted to the apical surface \[[@r91]\]. Apical Cl^-^/HCO~3~^-^ exchangers may also contribute to bicarbonate secretion by exchanging intracellular bicarbonate to the already secreted extracellular Cl^-^ \[[@r94]\]. As acinar cell tight junctions have high sodium permeability, luminal accumulation of Cl^-^ and bicarbonate drives Na^+^ also into the lumen from the interstitium, to compensate electrochemical potential difference. Luminal electrolyte accumulation creates substantial osmotic gradient, driving water across acinar cells \[[@r90]\]. Additional Cl^-^ and bicarbonate uptake mechanisms of the acinar cells include CO~2~ diffusion into the cells through the basolateral membrane and the basolateral activities of NHEs and Cl^-^/HCO~3~^-^ exchangers located at this membrane \[[@r95]\].

The secondary changes of the primary fluid are achieved by the ductal modification (Fig. **3**). Essentially, ions are reabsorbed through ductal cells by ENaC and CFTR, both of which serve to passively equilibrate gradient differences between the two sides of cell membranes, as long as they are open \[[@r96]\]. Again, the driving force for this is the Na^+^/K^+^ ATPase pump creating an extreme Na^+^ concentration gradient between the intracellular and extracellular compartments. An additional mechanism to enrich luminal bicarbonate concentration is an anion exchanger here, which can move Cl^-^ into the cell coupled to bicarbonate out of the cell, according to gradient differences \[[@r3]\]. These processes are not accompanied by water movement since ducts are impermeable to water. Thus, secondary changes by the ducts result in highly hypotonic saliva delivered to the mouth \[[@r1]\]. This bicarbonate-rich fluid then serves to neutralize eventual acid exposure in the oral cavity and esophagus. When this function is diminished because of certain causes, the incidence of caries, periodontitis and even esophagitis is increased.

Salivary secretory function is controlled mainly by the nervous system \[[@r3], [@r37], [@r38]\]. This is driven by the smell and taste of food and drinks, primarily the acidic gustatoric stimulation, resulting in watery saliva. Stress and anxiety also induce salivary flow, but the result is a very thick, mucin-rich saliva. In the first type of secretion, primarily parasympathetic activation is involved, while the latter type is induced by sympathetic components. Parasympathetic innervation is provided by the trigeminal nerve \[[@r37]\]. Sympathetic centers can be found in the spinal cord at upper thoracic segments \[[@r37]\]. Postganglionic sympathetic fibers from the superior cervical ganglion reach the glands through the external plexus of carotid artery \[[@r37]\]. Parasympathetic activation by cholinergic muscarinic receptors results in watery saliva. On the other hand, sympathetic activation by β-adrenergic receptors results in protein-rich saliva \[[@r38]\]. Muscarinic Gq/11 subtype G protein-coupled receptor activation by acetylcholine induces hydrolysis of phosphatidylinositol 4,5 bisphosphate (PIP~2~) to diacylglycerol (DAG) and inositol 1,4,5, trisphosphate (IP~3~) mediated by phospholipase C. The water-soluble IP~3~ initiates Ca^2+^ release from endoplasmic reticulum, and cell membrane Ca^2+^ channel openings \[[@r97]\]. This way, increase of intracellular Ca^2+^ concentration induces the opening of Ca^2+^-activated apical Cl^-^ and basolateral K^+^ channels. Luminal Cl^-^ and bicarbonate discharge induces paracellular Na^+^ passage, and also transcellular and paracellular water movement. Adrenaline and noradrenaline bind to β-adrenoceptors activating Gs subtype G proteins, and induce the activation of intracellular adenylate cyclase (AC), resulting in the production of cAMP production \[[@r97]\]. As a result, protein kinase A activation leads to exocytosis of zymogen-stored proteins. In addition to major neurotransmitters, other regulators such as ATP and nitric oxide \[[@r94], [@r98]\], and several gastrointestinal regulatory peptides are also involved in the regulation of fluid and protein secretion to a lower extent \[[@r3], [@r37], [@r38]\]. The parasympathetic and sympathetic signaling mechanisms have strong interactions \[[@r38]\]. Muscarinic activation not only increases ion and water secretion, but also protein discharge to a certain level, for example amylase secretion in response to food \[[@r3]\]. Sympathetic stimulation primarily affects protein secretion, but also evokes moderate fluid secretion that is also necessary to deliver the sticky saliva to the mouth.

Clearly, bicarbonate secretion of the salivary glands serves two very important functions. First is to neutralize acidic food and drink components consumed, second is to neutralize acidity produced inside the body, either by oral bacteria during their fermentation process, or parietal cells produce acid, which eventually arrive to the oral cavity from the stomach by reflux.

6.. Ameloblasts and their bicarbonate secretion {#sec6}
===============================================

Dental enamel is the hardest material in mammalians as a result of its 96-98% mineral concentration. During development, mineral formation can be greatly impaired due for genetic and environmental conditions \[[@r99], [@r100]\]. In the already developed tooth, dental erosion and caries are the most frequent causes of enamel loss, both of which are actually caused by local acid exposure \[[@r101]\]. Fully formed enamel cannot be regenerated by cells as ameloblasts die in an apopotopic process when teeth erupt. However, better understanding of the mechanisms of enamel formation may lead to the development of nanotechnological methods for achieving its reconstruction.

Unlike luminal spaces of the salivary glands and pancreas, the enamel space is not accessible to direct sample collection and analysis. However, many studies have been published on the matter using fine structural hard and soft tissue examinations, histological studies, also applying genetic knock-out of genes and studies investigating the chemical composition of enamel. Based on these works, four recent reviews have been published that nicely cover our present knowledge on amelogenesis \[[@r4], [@r102]-[@r104]\].

Enamel secretion by ameloblasts is a two-stage process, and the latter stage can also be split into two parts (Fig. **4**). First, a 20-30% mineralized matrix structure is formed by secretory ameloblasts, and then the restructuring of this matrix is conducted by maturation ameloblasts to reach extremely high, 96-98% of mineralization. Ameloblasts, just like salivary epithelial cells, originate from the oral epithelium. These epithelial cells form the well-structured enamel organ, in which the one-cell layer inner enamel epithelium become the layer of ameloblasts. These cells go through various morphological forms during the different functional states of amelogenesis \[[@r105]\]. Importantly, just like in salivary and pancreatic epithelia, ameloblast tight junctions completely seal the two sides of the cells allowing extreme concentration differences between the apical and the basolateral sides. Calcium, phosphate, chloride and bicarbonate ions are thought to be actively transported into the mineralization space through the cells.

Specific ion channels and transporters have been described in the ameloblast membrane by immunohistochemistry and by PCR methods \[[@r4], [@r102]-[@r104]\], but their role in crystal formation is not well understood in detail, because of the lack of functional evidence about how these transporters work \[[@r105], [@r106]\]. In amelogenesis, during the secretory phase, the whole thickness of the enamel is produced, but at this early stage mineralization is only at the level of 20-30%, and the intercrystal space is filled up with amelogenin. In the maturation stage, ameloblast morphology changes substantially. To achieve mineralization and the removal of temporarily built amelogenin structure, ameloblasts cyclically change their phenotype between ruffle-ended and smooth-ended states. This cyclical modulation is explained by their dual function. On the one hand, ameloblasts secrete phosphate and calcium, and also buffer the liberated hydrogen ions during hydroxyapatite formation. On the other hand, they absorb amelogenin that is broken down by kallikrein-4 and matrix metalloproteinase-20 (MMP-20) \[[@r105], [@r107]\]. Crystal expansion and protein degradation and removal result in a practically impermeable, completely sealing crystalline structure \[[@r105], [@r107]\].

The tight regulation of acid/base balance both at the extracellular space and inside ameloblasts is required for hydroxyapatite formation. Crystal growth strongly depends on the ionic secretion and the pH control of the extracellular fluid by the cells \[[@r108]\]. Each mol of hydroxyapatite formation generates an eight molar equivalents of protons. Therefore, proton neutralization is required to sustain crystal growth, otherwise local acidic conditions prevent the further precipitation of calcium and phosphate and mineralization stops \[[@r102], [@r103], [@r106]\]. As it was also confirmed in our recently described functional molecular physiology experiments, bicarbonate is secreted into the enamel space to buffer the hydrogen ions liberated during mineralization \[[@r4], [@r39], [@r102], [@r103], [@r106]\]. This is further supported by mouse studies, where maturation-stage enamel of the incisors that was stained with pH indicators exhibited wide acidic bands and narrow neutral stripes \[[@r18], [@r109]\]. These zones correspond to smooth-ended ameloblasts at the neutral regions and ruffle-ended ameloblasts having high-surface apical membrane over an acidic enamel \[[@r18], [@r21]\]. This process has a wavelike pattern along the enamel resulting in transverse bands, cycling with about an eight-hour cycle between pH 6.2 and 7.2 extracellular regions over ruffle-ended and smooth-ended cells, respectively (Fig. **4**) \[[@r109]\].

Previously published papers on acid/base regulation during amelogenesis are contradictory, but it was obvious that ameloblasts should have an appropriate molecular machinery to produce bicarbonate ions in order to buffer the large quantity of acid liberated during hydroxyapatite buildup. The channels and transporters thought to modulate extracellular pH and pH~i~ include NBCe1, AE2, CFTR, NHE1, SLC26A4, SLC26A3, SLC26A6, and carbonic anhydrases (CA) \[[@r4], [@r102]-[@r104]\]. However, our understanding of ameloblast electrolyte transport is based almost exclusively on immunohistochemistry, expression and chemical composition analysis data from wild-type and knockout mouse models.

Our present hypothetical model \[[@r4], [@r106]\] on maturation ameloblasts cycling between ruffle-ended and smooth-ended states in order to secrete bicarbonate and electrolytes is based on molecular physiology studies combined with the previously accumulated knowledge (Fig. **4**). Ruffle-ended ameloblast cells secrete proteins as well as calcium and phosphate ions into the enamel space. Ca^2+^ enters the cells primarily by the store-operated calcium entry pathway (SOCE) mediated by the ORAI1 and STIM1 proteins basolaterally and leaves the cells at the apical pole *via* NCKX4 and NCX. Phosphate import probably occurs via Na^+^-dependent phosphate (Pi) transporters, while their basolateral exit pathway is unknown. The pH slowly decreases during mineralization because a large number of protons are liberated during the formation of hydroxyapatite crystals, and also probably by an active transport through apical V-type H^+^ATPases \[[@r106]\].

Smooth-ended ameloblast cells reorganize tight junctions to neutralize acidity in the enamel space by bicarbonate \[[@r39], [@r40]\]. Intracellular bicarbonate accumulation is facilitated by the basolateral NBCe1 and also supported by a carbonic anhydrase (CA2) catalyzed process supplemented with proton extrusion by NHE1. Cl^-^ can be uploaded into the cells in exchange to bicarbonate by AE2 and also by NKCC1. Apically Cl^-^ exits the cells via CFTR and by calcium-activated chloride channels. Bicarbonate is exchanged to Cl^-^ at the luminal side by SLC26A transporters and also by Cl^-^ channels. The Na^+^/ K^+^ ATPase powers all of these processes. The opening of basolateral K^+^ channels is necessary to compensate for the created electrochemical differences between extracellular and intracellular spaces. The cyclical changes from ruffle-ended to smooth-ended cell morphology and the ability to modulate pH and transport functions ultimately allow the continuous expansion of hydroxyapatite crystals to reach an extreme level of mineralization \[[@r39], [@r40]\]. This hypothetical model strongly supports the assumptions that bicarbonate transporting mechanisms in ameloblasts are very similar to that found in salivary glands and in the pancreas \[[@r4]\].

Differently from the pancreas and salivary glands, the possible neuronal and hormonal regulation of ameloblast function is practically unknown. One exception is about steroid hormones, which are suggested to be involved in the regulation of maturation-stage ameloblasts \[[@r110], [@r111]\]. But even in this case, many unanswered questions remain about the role of steroid receptors. Additionally, steroid hormones are not able to regulate short term, 8-hour cycle in maturation ameloblasts \[[@r18], [@r21], [@r109]\], because their action primarily affects functional protein expression, but not their activity. The fast-acting regulators are most likely intracellular and extracellular pH sensors and G-protein coupled receptors, which have been well characterized in other epithelia, such as the pancreas and the salivary glands.

GPR68, a G-protein-coupled receptor that senses protons, is a very strong candidate for being master pH sensor in ameloblasts. Its pH sensitive range is similar to enamel matrix pH changes during amelogenesis as being completely inactive at pH 7.8, and fully active at pH 6.8 \[[@r112]\]. It is activated by IP~3~ formation and by an increase in intracellular calcium concentration \[[@r112]\]. Furthermore, amelogenesis imperfecta was connected to homozygous GPR68 mutations \[[@r11]\], and GPR68 overexpression resulted in increased barrier formation in Caco-2 cells \[[@r113]\]. In addition, the expression of NHE and H^+^-ATPase transporter systems was shown to be regulated by them in epithelial cells \[[@r114]\]. These data together indicate that GPR68 may be an important proton sensor during amelogenesis. Another candidate for pH sensing is the sAC. Forskolin, by intracellular cAMP liberation, potentiates the ATP-induced vectorial bicarbonate secretion in HAT-7 ameloblasts \[[@r39]\]. sAC is also considered as a pH sensor \[[@r24]\]. Direct functional studies are needed to see if such a pH sensory mechanism exists in enamel formation.

One most promising G-protein coupled receptor-related candidate regulator is extracellular ATP, acting on purinergic receptors to elevate intracellular Ca^2+^ concentration \[[@r115]\]. ATP-stimulated purinergic receptors increase cytosolic Ca^2+^ concentration, which in turn activates Ca^2+^-dependent Cl^-^ channels, that are well-known players in salivary bicarbonate secretion. Indeed, similar to other secretory epithelia, luminal, but not basolateral ATP stimulates bicarbonate transport in HAT-7 ameloblast cells \[[@r39], [@r50], [@r51]\]. These findings suggest that ATP acting via calcium-activated chloride channels could be a key extracellular regulator of ameloblast function \[[@r116]\] just like it is in the salivary glands and the pancreas \[[@r51], [@r115], [@r117]\]. The extracellular calcium sensing receptor (CaR), which has previously been described in the pancreas \[[@r77], [@r118]\], can be another critical component regulator in ameloblasts since it has been found to be expressed in these cells \[[@r119]\]. Furthermore, in ameloblast originated PABSo-E cells, CaR was demonstrated to increase extracellular Ca^2+^ concentration when activated \[[@r119]\]. However, no direct evidence has been provided about its ion secretory role. Even less is available about the potential involvement of other G-protein receptor ligands, although cholecystokinin has been shown to have a great increase in its expression between early and late-maturation ameloblasts, as evaluated by real-time PCR \[[@r120]\]. The expression of PACAP, another neuropeptide, was also shown in amelogenesis and PACAP-deficient mice demonstrated serious structural changes in both the dentin and the enamel \[[@r121], [@r122]\]. Similarly, the expression of neuropeptide Y (NPY), was also detected in ameloblasts \[[@r120]\]. Other regulatory peptides such as somatostatin, vasoactive intestinal peptide, calcitonin-gene related peptide, peptide YY, galanin, and substance P, are also potential candidates as functional regulators in amelogenesis \[[@r123]\]. However, none of these regulatory peptides acting through G-protein coupled receptors have been studied in enamel formation, primarily because of the paucity of available functional cellular models.

Conclusion
==========

Overall, novel functional molecular physiology approaches together with previously generated *in vitro* and *in vivo* results suggest that there are great similarities in the regulation of bicarbonate transport in ameloblasts to that of pancreatic and salivary secretory processes. The common function in each case is to transport bicarbonate luminally, and to neutralize liberated or consumed acid. In amelogenesis, this is necessary for the progress of mineralization leading to the hardest tissue of our body. Salivary glands produce the most watery, most hypotonic fluid of the organism to buffer consumed acidic food and drinks. Finally, the pancreas delivers a great volume of the highest concentrated bicarbonate containing juice into the intestine to buffer gastric acidity. All of them work for the sake of buffering and neutralization. Therefore, lessons learned about bicarbonate transport mechanisms in one of these organs should be very useful for understanding similar processes in the other organs.
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![Exemplary records of intracellular pH changes to demonstrate the applicability of molecular physiological microfluorometry for evaluating cellular pH regulatory and bicarbonate transport functions. All experiments shown here were performed in the presence of bicarbonate.\
(**A**) Compensation of pH~i~ changes in HAT-7 cells exposed bilaterally to NH~4~Cl (alkali load). A partial pH~i~ compensation (a) can be observed. Inhibition of pH~i~ compensation can be seen (b) in the presence of basolateral (BL) bumetanide, a selective blocker of the Na^+^/K^+^/Cl^−^ cotransporter. (**B**) Chloride withdrawal experiment to investigate anion exchangers. An increase in pH~i~ (a) can be seen in HAT-7 cells upon basolateral Cl^−^ withdrawal, most probably as a result of HCO~3~^−^ influx. After the restoration of BL Cl^−^, pH~i~ returns to the baseline. A smaller pH~i~ increase (b) can be seen when the specific inhibitor, DIDS is administered basolaterally before a second Cl^−^ withdrawal, suggesting the presence of a HCO~3~^−^/Cl^−^ exchanger. (**C**) Sodium withdrawal experiment to investigate bicarbonate/proton transporters. HAT-7 cells are exposed bilaterally to NH~4~Cl followed by withdrawal of NH~4~Cl and Na^+^ (acid load). A fast recovery of pH~i~ can be seen (a) following basolateral restoration of extracellular Na^+^. A slower pH~i~ recovery (b) can be observed following the restoration of Na^+^ in the presence of basolateral (BL) amiloride and H~2~DIDS to block NHE1 exchanger and NBCe1 cotransporter, respectively. (**D**) The effect of HCO~3~^−^ secretion can be perceived in the form of a slow intracellular acidification (pH~i~ drop). Basolateral HCO~3~^−^ uptake in HAT-7 cells was inhibited by simultaneous application of H~2~DIDS and amiloride. Amiloride was also included in the apical (AP) perfusate to inhibit any apical Na^+^/H^+^ exchanger activity. Typical pH~i~ traces obtained in unstimulated control conditions (a), and in cells that were stimulated with ATP, forskolin, and 3-isobutyl-1-methylxanthine (IBMX) (b).](CPD-24-2012_F1){#F1}

![Simplified model depicting pancreatic ductal and acinar fluid, bicarbonate and electrolyte secretion. The bottom of the figure shows that pancreas secretes bicarbonate to neutralize acidity in the intestinal lumen.\
(**A**) Pancreatic acinar cells secrete numerous digestive proteins. In addition, these cells secrete an isotonic fluid, rich in NaCl. The main mechanism behind is the transcellular, vectorial transport of Cl^−^ for which the Na^+^/K^+^/Cl^−^ cotransporter mediates the basolateral Cl^−^ uptake in the expense of the Na^+^/K^+^ ATPase generated Na^+^ gradient. Apical membrane Cl^−^ channels contribute to the luminal secretion of Cl^−^ down its electrochemical gradient driven by the intracellular Cl^−^ accumulation produced by basolateral Cl^−^ uptake. Opening of basolateral K^+^ channels serves to keep electrochemical neutrality when Cl^−^ leaves the cell apically. Apical Cl^-^ transport also results in paracellular Na^+^ passage through tight junctions toward the lumen. Water follows NaCl passively also through tight junctions.\
(**B**) Pancreatic duct cells secrete an isotonic, fluid having very high bicarbonate concentration. The basolateral bicarbonate uptake is achieved by the inward Na^+^-HCO~3~^-^ cotransporter and the activity of carbonic anhydrase supported by proton extrusion through Na^+^/H^+^ exchangers. Apical bicarbonate secretion is mediated by cystic fibrosis transmembrane conductance regulator (CFTR) and by HCO~3~^−^/Cl^−^ exchangers of the SLC26 family. CFTR conducts not only Cl^−^ but also bicarbonate at a lesser extent. The necessary Cl^−^ recycling is facilitated by direct interactions between CFTR and SLC26 exchangers. Importantly, there is no or very little Na^+^/K^+^/Cl^−^ cotransporter activity in pancreatic ducts, therefore, intracellular Cl^−^ concentration is low. As a result, pancreatic juice is rich in bicarbonate, its concentration could be up to 150 mMol to neutralize the acid released by the process of acinar exocytosis, and to buffer the large quantity of gastric acid that enters the duodenum from the stomach.](CPD-24-2012_F2){#F2}

![Simplified model depicting pancreatic ductal and acinar fluid, bicarbonate and electrolyte secretion. The bottom of the figure shows that salivary glands secrete bicarbonate to neutralize acidity in the oral lumen.\
(**A**) Salivary acinar cells secrete an isotonic fluid that also contain various proteins: serous acinar cells excrete α-amylase, while mucous acini produce mucin. The other major function of salivary acinar cells is electrolyte and fluid secretion, creating an isotonic fluid. Similar to the pancreatic acinar cells, basolateral uptake of Cl^−^ through Na^~~+~~^ /K^+^/Cl^−^ cotransporters is supported by Na^+^/ K^+^ ATPase provided gradients. Subsequently, apical secretion of Cl^−^ is mediated by calcium-activated chloride channels (CaCC). Parallel opening of basolateral K^+^ channels is necessary to keep intracellular electroneutrality. Cl^−^ is followed by Na^+^ via the paracellular pathway. Then water follows passively through aquaporin water channels and also paracellularly into the lumen. Salivary acinar cells also secrete a modest level of bicarbonate, primarily through apical exchange to already secreted Cl^−^ to intracellularly accumulated bicarbonate via SLC26 anion exchangers.\
(**B**) Salivary duct cells make a hypotonic fluid that is poor in Na^+^ and Cl^−^ but relatively rich in K^+^ and HCO~3~^−^ by absorbing Na^+^ and Cl^−^, and to a lower degree secreting K^+^ and bicarbonate. Na^+^ reabsorption is achieved by apical epithelial Na^+^ channels (ENaC) allowing Na^+^ reuptake from the lumen. Then the Na^+^/ K^+^ ATPase extrudes the accumulated Na^+^ basolaterally. Cl^−^ is also reabsorbed by a transcellular process. Apical Cl^−^ entry into the cell is primarily facilitated by CFTR. Ductal cells effectively absorb Na^+^ and Cl^−^, but practically impermeable for water as it lacks aquaporin water channels and their tight junctions are also resistant to water passage. The outcome is a highly hypotonic saliva, reaching the oral cavity at basal secretion. During parasympathetic stimulation, the highly accelerated flow rate does not permit complete Na^+^ and Cl^−^ reuptake resulting less hypotonic salivary juice, relatively high in bicarbonate. This fluid serves to buffer oral acidification by food and drink, or gastric reflux.](CPD-24-2012_F3){#F3}

![Simplified model depicting bicarbonate and electrolyte secretion in ruffle-ended and smooth-ended ameloblast cells. The bottom of the figure shows that ameloblasts secrete bicarbonate to neutralize acidity in the mineralizing enamel space.\
(**A**) Ruffle-ended ameloblast cells secrete Ca^2+^ and phosphate ions into the enamel space. Ca^2+^ is mostly taken up by the store-operated calcium entry pathway basolaterally and transported out of the cells at the apical pole by NCKX4 and NCX exchangers. Phosphate transport probably occurs via Na^+^-dependent phosphate (Pi) transporters. The pH is slowly decreasing during mineralization because a great quantity of protons liberated during the formation of hydroxyapatite crystals and also, probably by an active process, the apical activity of V-type H^+^ ATPases.\
(**B**) Smooth-ended ameloblast cells reorganize the tight junctions to neutralize luminal acidity in the enamel space by bicarbonate. Intracellular bicarbonate accumulation is facilitated by the basolateral electrogenic Na^+^/ HCO~3~^−^ cotransport and by carbonic anhydrase-supported by proton extrusion through Na^+^/H^+^ exchangers. The main mechanism of intracellular Cl^−^ accumulation is probably the activity of Na^+^/K^+^/Cl^−^ cotransporter driven by the Na^+^/K^+^ ATPase generated Na^+^ gradient. Apically, Cl^−^ and to a lesser extent bicarbonate leave the ameloblasts via both cAMP activated CFTR and Ca^2+^-activated chloride-channels. Bicarbonate can also be exchanged to already secreted Cl^−^ at the apical side by SLC26A exchangers. The cyclical changes from ruffle-ended to smooth-ended cell morphology and the ability to modulate pH in the enamel space ultimately allow the continuous expansion of hydroxyapatite crystal formation, to reach an extremely high level of mineralization.](CPD-24-2012_F4){#F4}
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